The Koka gold deposit is located in the Elababu shear zone between the Nakfa terrane and the Adobha Abiy terrane, NW Eritrea. Based on the paragenetic study two main stages of gold mineralization were identified in the Koka gold deposit: 1) an early stage of pyrite-chalcopyrite-sphalerite-galena-gold-quartz vein; and 2) a second stage of pyrite-quartz veins. NaCl-aqueous inclusions, CO2-rich inclusions, and three-phase CO2-H2O inclusions occur in the quartz veins at Koka. The ore-bearing quartz veins formed at 268℃, from NaCl-CO2-H2O(-CH4) fluids averaging 5 wt% NaCl eq. The ore-forming mechanisms include fluid immiscibility during stage I, and mixing with meteoric water during stage II. Oxygen, hydrogen and carbon isotopes suggest that the ore-forming fluids originated as mixtures of metamorphic water, meteoric water and magmatic water, whereas sulfur isotope suggest an igneous origin. Features of geology and ore-forming fluid at Koka deposit are similar to those of orogenic gold deposits, suggesting the Koka deposit might be an orogenic gold deposit related to granite.
contains green schist facies volcano-sedimentary and syn-to post-collision granitoid rocks, (5) the easternmost Arag terrane is a narrow belt of high-grade gneiss and syn to late-tectonic granitoid rocks along the Red Sea lowlands composition [16] [17] [18] .
Fig.1. (a) Tectonic scheme of Koka deposit (after Johnson et al., 2011, [15]). (b) Location of Koka deposit
(after Zhao et al., [19] ). (c) Geological map of Koka gold deposit (after Dean et al., [20] ).
Regional structures including; brittle-ductile shear zones and strike-slip faults, low angle thrust faults, fold structures as well as local macroscopic en-echelon quartz veins and tension gashes with a general trend of NNE to NNW are commonly developed on the Precambrian granitoid-greenstone belt. Among these, the ductile strike-slip shear zones are the most prominent tectonic structures on the region. They can be traced for several kilometers in lengths and several meters to several tens of meters in widths. The dominantly sinistral AAB and dextral ANB are the two main transpressional strike-slip shear zones, along which the important mineral deposits occur [5] . Semi-brittle shear zones developed synchronously along axial planes of isoclinal folds are also common structures on the greenschist metamorphic rocks. Syn-to late-tectonic granitoid magmatic rocks intrude along the ductile shear zones as elliptical rigid bodies [5] . These magmatic rocks are dominated by granite, granodiorite and diorite, accompanied by fine-grained rocks, dolerite and quartz porphyry [7] .
Geology of the Koka deposit
The Koka gold mine is located in the Elababu shear zone that separates the Nakfa terrane in the east from the Adobha Abiy terrane in the west. It is hosted by a relatively fine to medium grained, gray colored, elongated nearly vertically dipping granitic body. The granitic host rock is dominated by primary minerals of plagioclase, quartz and subordinate K-feldspar with alteration products dominated by sericite, micro-granular albite and quartz. The host rock is bounded by greenschist facies metamorphic rocks, consisting intermediate to felsic volcanic and pyroclastic rocks and post-tectonic granitoids in the east part of the Nakfa terrane and sequence of siliciclastic metasedimentary and metavolcanic rocks, including; tuffaceous greywacke, sandy mudstone, shales and mafic metabasaltic flows and associated syn-tectonic granitoid rocks in the west part of the Adobha-Abi terrane (Figure 1c ). The area is dominated by the NNE shear zones, comprised of a series of asymmetric overturned isoclines folds and thrust faults, particularly prevailed on the fine grained volcanic and sedimentary rocks. The high-angle thrust faults are the main controlling structures for the ore-bearing hydrothermal activities the mine area.
In the Koka gold deposit, the mineralization was developed within the relatively competent elongated NNE trending microganitic body. Post-magmatic deformations have fractured the Koka microgranite (851.2 ±1.9Ma, [19] ). These tectonic induced brittle fractures served as a pathway for the gold-bearing hydrothermal fluids and eventually became a mineralized stock works of quartz veins. The main mineralization zone can be classified into two; quartz vein type and wall-rock alteration type. The former is characterized by intense alteration and is the main mineralization zone occurring 50 to 80m from the contact of the footwall within the microgranite. This zone about 10m wide and is characterized by stock works of quartz veins with varying widths, generally no more than 2 meters. The second wall-rock alteration type mineralization is mainly developed in the contact zone between Koka microgranite and footwall metavolcano-sedimentary rocks. As of 2010, the diamond drilling had controlled constrained the Koka gold orebody over a strike length of 650m, with an average depth of more than 165m below the surface, and an average grade of about 5~6g/t, proved gold reserves are about 26.13 tons [20] .
Gold is mainly formed in quartz veins in the form of native gold. Ore minerals are mainly native gold, pyrite, chalcopyrite, galena and sphalerite. Gangue minerals are mainly quartz, calcite and sericite. The types of alterations closely related to gold mineralization are silicification, sericitization, pyrite mineralization and carbonation. They are superimposed on each other in the mining area and are generally zoning. Especially silicification is consistent with the main mineralization. The sericitization and pyrite mineralization are beyond the distribution of the mineralization zone, and formed the sericite + pyrite altered halo boundary.
The formation of the carbonation often occurred in the surrounding rock mainly as carbonated vein, accompanied by other alterations or separately.
Based on microscopic observations, and paragenetic study of the primary ore mineral assemblages, two main stages of mineralization are recognized in Koka gold deposit: stage I is characterized by the development of quartz-sulfide-gold veins, of which sulfides are mainly pyrite, chalcopyrite, galena and sphalerite (Figure 2a) . The shape of natural gold is xenomorphic granular and it is generally distributed between pyrite and quartz (Figure 2c , e).
Pyrites are mostly occurred as clusters , which are hypautomorphic-cubic crystals with large particle size changes (Figure 2d ). The galena is xenomorphic granular in shape and has a distinct triangular cleavage (Figure 2f ). Chalcopyrite and sphalerite are mostly showing a solid solution structure, and aggregates are also seen, occasionally a single grain (Figure 2h,   g ). Stage II is characterized by the development of milky white quartz veins with poor sulphide (Figure 2b ). The mineral symbiosis combination is relatively simple, and only a small amount of its chalcopyrite and fine pyrite are seen. Raman shift was calibrated using a single crystal of silicon. The cation test instrument in the liquid phase composition of the group inclusions is Hitachi Z-2300, and DIONEX ICS-3000 for ion chromatograph. GC-2014C is used for gas chromatography. The bursting temperature of the inclusions range from 100 to 550 °C, and the precision is 0.01 mg/L (0.01 μg/g).
Stable isotope analytical methods
The H-O-C isotope analyses were accomplished with a MAT253 mass spectrometer at the Analytical Laboratory of the Beijing Research Institute of Uranium Geology. The accuracy of the O isotope analysis is better than ±0.2‰, that of the H isotope analysis is better than ±2‰, and that of the C isotope analysis is typically better than ±0.1‰. The amount of O in quartz water (aquartz water) was calculated from the O isotope level of the analyzed quartz by using the fractionation equation 1000lnαquartz water = (3.38 × 10 6 )T −2 − 3.40, where T is the temperature in kelvins [21] , and the average fluid inclusion temperature of each stage was used to calculate the δ 18 Owater value.
Fluid inclusions

Fluid inclusion petrography
Fluid inclusions (FIs) of Koka gold deposit are found from quartz. The quartz is mainly characterized by ductile-brittle deformation. A large number of fluid inclusions, including primary, pseudosecondary and secondary fluid inclusions, were identified in two mineralization stages of quartz using detailed petrographic observations. Primary and pseudosecondary inclusions occurred in growth zoning of quartz (Figure 3e ), or distributed as isolated form. The microthermometric data in this study is basically from primary and pseudosecondary inclusions. In accordance with the classification principles of Roedder [22] and Lu et al. [23] , vapor-to-liquid ratios at room temperature, heating-freezing behaviors and results of laser Raman analysis were used to classify the fluid inclusions found in the Koka deposit into four types: 
Fluid inclusion microthermometry
Laser Raman spectroscopy
Selected samples based on fluid inclusion petrology of two stages were examined by Laser Raman micro spectroscopy. The results show that composition of FIs in type I is relatively simple, dominated by H2O (Figure 6d ). The composition of type II FIs is basically pure CO2 (Figure 6c ) . The inclusion gas of type III is dominated by CO2 and H2O, and the
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aqueous phase also contained some CO2 (Figure 6a, b) .
Fig. 6.
Raman spectra of the fluid inclusion of Koka gold deposit.
Ion and gas chromatography
The result of compositions of fluid inclusions cluster in quartz based on ion and gas chromatography shows that the CO2 and H2O are the dominant gaseous ingredient, and rare CH4 ( Table 2 ). The average mole% of H2O and CO2 of stage I are 0.535 and 0.465, respectively, whereas the average mole% of H2O increased to 0.753, and the average mole% of and CO2 reduced to 0.245 in stage II. Only 0.11 mole% of CH4 was detected in sample KO-16 of stage I.
The result of ion chromatography shows that the Na + is the dominant cation in both stages, with minor K + and Ca + , and the ratio of Na + /K + ranges from 20. 
C-H-O-S Isotopes
The carbon and oxygen isotopic data are listed in Table 3 and plotted in Figure 7 . Three quartz samples from the early stage give the δ 13 C value ranges from −5.5‰ to −5.0‰, and the The oxygen and hydrogen isotopic data are listed in Table 3 and plotted in Figure 8 Taylor (1974) , [35] .
The sulfur isotopic data are shown in Table 4 and plotted in Figure 9 . 
Discussion
Nature and evolution of ore-forming fluid
CO2-bearing FIs are the most abundant occurred in the Koka gold deposit, with moderate liquid-rich aqueous FIs. Generally, the results of fluid inclusion petrography, microthermometry and laser Raman micro-spectroscopy shows that the ore-forming fluid of the KoKa gold deposit is a medium-to low-temperature and low-salinity CO2-NaCl-H2O system.
1) Stage I
The ore-forming fluid of this stage is medium-temperature, low-salinity NaCl-H2O-CO2(-CH4) fluid (CH4 was detected via gas chromatography). Majority of CO2 and CH4 are likely from the metamorphic strata [24, 25, 10] . Fluid immiscibility is one of the dominant ore-forming mechanisms in gold deposits [26] [27] [28] . The common coexistence of type I and II FIs during stage I suggests that they were entrapped simultaneously, and homogenized in different ways, which suggests that fluid immiscibility occurred prior to their entrapment [29] . The plot of salinity vs. the homogenization temperatures ( Figure 10) indicates that the ore-forming fluid underwent a fluid immiscibility process during stage I at Xiangdong (three-phase CO2-rich inclusions commonly coexist with two-phase aqueous inclusions in quartz, with similar homogenization temperatures, [22] ), which is likely due to the temperature and pressure decrease as the ore-forming fluid ascended, leading to escape of CO2 from the fluid. Moreover, varying degrees of CH4 involvement in the fluid system were detected in the stage I FIs, and CH4 may lead to fluid immiscibility of the NaCl-H2O-CO2 system in the depth [30] .
We calculated the densities via Flincor software [31] of the type I (salinity<5 wt% NaCleqv) and the type II (CO2-rich) inclusions in stage I at 0.711-0.858 g/cm 3 and 0.757-0.904 g/cm 3 , respectively, and then estimated the pressure at 176 MPa (range from 73 to 278 MPa, Figure 11 [32, 33] ), which is similar with the estimated pressure 178 MPa (range from 105 to 250 MPa, Figure 12 ) using the method of Van den Kerhof and Thiéry [34] . Hence ~176 MPa can represent the actual trapping pressure of stage I, corresponding to depth of 6.7 km (lithostatic pressure; rock density of 2.7 g/cm 3 ). 
2) Stage II
The occurrence and composition of different FIs types suggest the ore-forming fluid from stage II is a medium-temperature, low-salinity NaCl-H2O-CO2 fluid. The temperature of the ore-forming fluid decreased from stage I to II, probably due to the progressive cooling of the fluid system or/and mixing with relatively low-T fluid, whereas the meteoric water mixing is supported by the results of hydrogen and oxygen isotopes. In addition, water content increased in fluid of stage II, suggesting a water mixing. Salinity from stage I to II changed slightly likely due to the precipitation of metal elements in stage II.
Source of ore-forming fluids and metal
Most of the δDfluid values (-57.0 to -50.1‰) and the δ 18 OH2O values (+1.7 to +2.7‰) of the ore quartz in the Koka gold deposit fall within the ranges of the isotopic compositions of metamorphic water [35] , and near the primitive magmatic water field. In addition, two of the data drift toward the meteoric water line (Figure 8) . The H-O data suggests that these ore-forming fluids were derived from metamorphic water and magmatic water and meteoric water could mix within the ore-forming fluids. marine carbonates (~0‰, [36] ), but consistent with the C isotopic compositions of igneous/magma systems (−3 to −30‰, [37] ; mantle (−5 to −7‰, [36] ). In the δ 13 C vs. δ 18 O diagram, all the quartz samples plot within the granite box field (Figure 7 ), indicating that carbon in the early ore-forming fluids was likely to be provided by magmatic water.
Moreover, the late stage quartz samples show obvious trend of influence by low temperature alteration, which suggests a temperature cooling in the late ore-forming system. This interpretation is consistent well with the results of fluid inclusion microthermometry.
The δ 34 S values of sulfides in the Koka gold deposit exhibit a narrow range values that are close to 0‰(−1.3 to +2.7‰, Figure 9 ), which suggests that the sulfides that precipitated from the fluid system originated from a single sulfur source that primarily comprised deep-seated magma (δ 34 S = 0 ± 3‰, [41, 42] These data suggest that the hydrothermal system reached a state of sulfur isotopic fractionation equilibrium before its ore minerals were precipitated [43] [44] [45] , suggesting that these ore-forming materials were predominantly sourced from magma.
Genetic model for ore deposition
The continent collision of the East and West Gondwana caused the re-construction of the regional juvenile crust and lithosphere, and the formation of EAOB during Neoproterozoic (~650 Ma). Most of the juvenile crust were conjoined along the arc-arc suture, and the subsequent orogeny lasted nearly 100 Ma [15] . Due to the rapid convergence between the east Gondwana and west Gondwana, the Eritrea region in the southern part of the EAOB was experienced regional metamorphism [46] . 40 Ar- 39 Ar ages of sericite in gold-bearing quartz veins of Koka deposit is 600-580 Ma (unpub. data), suggesting the Koka deposit is likely formed in Neoproterozoic. Moreover, several gold deposits in Nubian Shield were reported to formed at this period, such as Sukhaybarat [47] , An Najadi [48] , Ad Duwayhi [49] and Lega-Dembi [50] . Regionally, Post orogenic a-type granite was formed after 610 Ma [15] , combined with the formation age of Kyanite schist (U-Pb age of monazite, 593±5Ma, [51] ), suggesting the time interval of 600-580
Ma is in the transition environment from crust compression to extension during the collision and accompanied with regional metamorphism.
The characteristics of geotectonic environment, occurrence of orebodies, mineral assemblages, and ore-forming fluid of Koka gold deposit are similar to the features of orogenic gold deposit [28, 52, 53] , whereas carbon and sulfur isotopes suggests igneous origin.
Hence, the Koka gold deposit could be an orogenic gold deposit related to magmatism. The detailed ore-forming process is described as:
After the solidification of Koka granite, multi-fractures were existed in the granite and became a relatively low-pressure zone in the district. Ore-bearing fluid, which was derived from metamorphic strata and containing abundant CO2 in in high-pressure conditions, was driven by regional thermodynamic processes to flow into the fault system of Koka granite.
The temperature and pressure decrease as the ore-forming fluid rises during stage I, which leads to CO2 separating from the fluid and accompanied with fluid immiscibility, leading to the dissolution of the Au-bearing complexes and a pH changing of the residual fluid. And then ore-forming ions, such as Au + , Fe 2+ , Cu 2+ , Pb 2+ , Zn 2+ , and S 2-were precipitated at locations with advantageous structural conditions. During stage II, meteoric water mixed in and cooling the fluid system, metal cations, such as Fe 2+ , S 2-remained in the fluid were deposited in the structural fractures and micro-fractures of the existing veins.
Conclusion
1) The ore-forming fluid of the KoKa gold deposit is a medium-to low-temperature and low-salinity CO2-NaCl-H2O system, and ore-forming mechanisms include fluid immiscibility during an early stage and fluid mixing with meteoric water in subsequent stages at lower temperature. Using two methods to estimate a similar pressure at ~176 MPa, corresponding to depth of 6.7 km.
2) C-H-O isotopic compositions indicate that the ore-forming fluids of the Koka deposit could have originated from metamorphic strata and were mixed with meteoric water, with considerable magmatic contribution. S isotopic result suggest the metals were derived from magma. 
